This article describes the approach to promote project-based learning and interdisciplinarity within established engineering undergraduate programs at the University of Brasilia. The implementation process and some representative projects developed are presented, as well, as a discussion about the role of interdisciplinarity in transferable skills acquisition and their many benefits for all students from undergraduate courses involved.
Introduction
Following worldwide changes concerning engineering education, it has been indicated by many industry and Brazilian government declarations that education in engineering and science need to prepare students to deal with real world problems in a realistic social, environmental, and financial context. [1] [2] [3] Project-based learning (PBL) approaches are often employed to include realistic and ill-defined situations where the students can work in a more proactive and enthused manner. Additionally, it has been lately emphasized that the so-called 21st century skills PBL, interdisciplinarity, and engineering education PBL has been applied as an effective learning tool in several fields, which permits the learner to acquire skills useful to explore and solve problems close to the reality of the daily work in their fields. Through the use of PBL in several levels of the curriculum, it is possible to encourage the students to actively research real problems, exercising the integration of theory and practice as well as pursuing the application of knowledge and skills with the main goal of finding viable solutions to the presented problem. However, the application of PBL in an engineering curriculum is still a difficult process.
As stated in Kolmos e Graaff, 5 the adoption of PBL in engineering curricula is directly related to organizational principles of the university. The support of all organization levels in the process of curricular adaptation to the inclusion of PBL is emphasized as essential, and it is also explained that change agents can help to improve and speed the process. It is also argued that research-based centers have shown to be efficient support for education.
Alongside these conclusions, there is indication that cross disciplinarity is a high valued asset in engineers education, as emphasized in several recent studies both in industry and government initiatives. 6, 7 Besides the needs imposed by modern challenges in climate, social and technological issues, interdisciplinary realistic situations are considered a valuable tool to develop skills when dealing with ill-defined problems and integrating non-technical issues in solution designs. According to Silva et al. 8 and Borrego and Newswander 9 emphasize that interdisciplinarity differs from multidisciplinarity in the type of final result: interdisciplinary projects contribute to a new field or discipline to be produced. Also, it lists some of the most common pitfalls in multidisciplinary works involving engineers, as well as some types of collaboration between engineers and education or social researchers. Mainly, the importance of flexibility for a truly interdisciplinary collaboration is stressed.
Transferable skills, also called 21st century skills, are considered by many educators to be essential in all academic areas and during the whole student's life. It includes a wide range of abilities, work habits and traits, as critical thinking, problem solving, adaptability, leadership, financial literacy, self-discipline among several others. 10 Project-led education (PLE) was an approach used by Powell and Weenk 11 to indicate an active and collaborative teaching and learning methodology, based on the student and his/her performance. It also focuses on teamwork and, for that reason, it develops not only technical skills but it also distinguishes itself for inducing soft skills such as discipline, critical thinking, initiative, and linking interdisciplinary contents in an integrated way.
11
Building a whole new curriculum based on PBL presents different challenges in comparison to adapt existing courses or curricula to a more student centered approach, as described by Kolmos and Graaff 5 and Kolmos.
12 Considering the key points described above, an approach was formulated to launch actions involving PBL in the engineering programs at University of Brasilia. The main goal was to apply PBL in a gradual manner, and independent from undergraduate curriculum matrices, so that both the lecturers and staff as well as the organization top levels of faculty hierarchy could steadily adjust management processes in order to provide the necessary support to implementation. Afterwards actions towards the fully adoption of PBL could be performed.
Applied methodology
The Faculty of Technology at University of Brasilia is comprised of nine undergraduate programs, and the faculty board has expressed its disposition to support the academic staff in initiatives related to PBL: one of these initiatives is described in this article. The initial goal was to integrate knowledge and techniques of certain courses in the mechanical engineering program, and using the PBL expands this integration towards other courses inside and outside the faculty.
The basis of the methodology applied in the integration projects developed in this work is the approach of Powell and Weenk, 11 promoting active, natural and collaborative learning. In such learning, the student creates his/her own learning situation during the project development process in which the team is the core of the learning environment. While attitudes are required for the execution of the project, technical and non-technical skills and competencies are created and worked. In this sense, the objective of this work is to present the development environment of a project that links interdisciplinary contents in an integrated way.
Regarding the PBL implementation process, it was desired not to change radically the present curricula, but rather to add transversal courses that would not disagree with the established teaching practice. This approach allows the gradual transition from the classical teacher-led learning to a more active role of the students in the education process. Integrating projects were then proposed as additional support to lecturers in courses of varied levels. Additionally, students not registered in the participating courses could take part in the projects as independent work, worth up 4 (four) credit hours.
In addition, we propose to promote the acquisition of transferable skills with the support of a multidisciplinary team working on interesting and realistic projects.
PBL as an interdisciplinary education project was obtained after three stages of implementation, as well as the final goal of promoting knowledge integration of several courses in undergraduate programs and thus pave the way for executing a real project, so that students with assorted competences.
In the first stage, different courses from the same program leading to the same degree are integrated by means of a common project. The main goal is to provide the students realistic scenarios to work within each course, but students also can work in a team and acquire transversal skills as synthesizing information, planning, Information and Communication Technology (ITC) literacy, problem solving, time management, oral, and written communication. 10 The second stage aims higher as the teams are composed of students from similar programs, as electrical, mechanical, and automation engineering degrees. The technical competences required are consequently broader than in the first stage. The problems have a larger number of dimensions and transversal skills are significantly more important in this case. Furthermore, the team must overcome the difficulties inherent to different external academic demands of the members due to their different engineering programs. A competence in ITC is necessary to overcome these difficulties. And also skills such as relationship, collaboration, cooperation, initiative, perseverance, self-direction, self-discipline, adaptability, and initiative. 10 Few curricular changes were necessary in order to allow the students from others programs to acquire the credits of the PBL course, because of multidisciplinary professional training feature and according to their origin courses request.
Two new courses were created with 2 and 3 (two and three) credit hours, one course each semester, depending on the project duration (one or two semesters), with the aim of providing resources for the project execution, as place for physical meetings, access to laboratories, and time limitation to carry out the tasks, even as an extra reward on credits for the student. This implies, indeed, that an evaluation would be put in place regarding the objectives of the project.
The third stage aims to integrate knowledge from programs with low similarity as design, arts bachelor, and engineering. The proposed project themes in this step have a wide scope and their development allows the interrelationship between fields of knowledge and consider social, environmental and financial context. It is desired that the projects generate products, even if only prototypes, as well as be able to disseminate knowledge and provide benefits to society. Due to these characteristics, the third stage themes can be employed as formal proposals to obtain institutional support and resources for their viability.
In this sense, the proposed projects at this step allow the development of transversal skills (besides those previously mentioned) such as economic and financial literacy, entrepreneurialism, humanitarianism, scientific literacy and reasoning, the scientific method, environmental and conservation literacy, ecosystems understanding. 10 The transversal skills would depend on project theme and its degree of interdisciplinary.
In Figure 1 , it can be seen an illustration about how PBL projects work in the three phases of the integration process among the involved courses and different curricula. Transversely, in each stage, transferable skills were expected to be acquired by the students, and in each stage the complexity of the projects gave space for more deep and complex transversal skills to be practiced.
Interdisciplinary projects
This section describes four projects applied in the Faculty of Technology as part of the PBL program for students of engineering courses. Although diverse in their goals and peculiarities, all these projects have similar aims in the formation of engineering undergraduate students.
Ciclar
This project is an example of stage 3 implementation of PBL. It consists in the design and manufacturing of a prototype of an electrical vehicle to perform selective waste collection at the university campus as described in Figure 2 . The waste is carried to the cooperative of waste pickers, outside the university, as part of a sustainable policy for disposal, collection, and recycling of waste at the campus. The project team was composed by 24 (twenty-four) students from several programs and levels: industrial design, and engineering (computer, software, electrical, mechanical and mechatronics). At the start of the project development, the students have opted for a functional structure, and agreed with the hierarchy and roles of each member. Also, the work was divided in four subsystems: management, design, mechanical, and automation (which includes power and control).
Financial resources of 10,000 USD were raised to execute this project. The resulting prototype was a three wheels vehicle with two wheels in the front and one wheel in the back (Figure 3) , with capacity for two passengers. As a service vehicle, the speed is limited to 75 km/h and the autonomy is no more than 100 km, while maximum payload is set to 600 kg.
The students participation in the project were evaluated by forms with questions about motivation to ingress in the project, positive and negative points, as well as the main difficulties faced during the project development. The analysis of this evaluation indicates that most difficulties and negative points are linked to the lack of enough economic resources, as well as the amount of required paperwork. Additionally, positive points are multidisciplinary work and learnt technical skills of whole team members.
Ereko
A snake-like mobile robot composed of identical modules is designed for inspection in building foundations and search in collapsed structures rubble (Figure 4 ). This project presents several levels of requirement complexity, and for that reason was employed multiple times as second stage of PBL implementation for students of mechanics, electrical, and mechatronics engineering. The students group was composed of 7 (seven) up to 12 (twelve) students, depending on the year, under the supervision of three lecturers. The first time the project was presented, no conceptual design was supplied to the students, and as a result the mechanical project was emphasized. However, in the following months/years a basic mechanical concept was produced previously so that the students could evolve further in the embedded electronics and programming of the robot.
Cacotecnia
This project is considered another example of a three stage PBL implementation and consisted in the design and manufacturing of an interactive robotic artwork, which consisted of a humanoid character, in natural size, exposed inside a dark environment and programmed to respond to the presence of the public displaying reactions as fear, calmness, or even sleepiness. The prototype is illustrated in Figure 5 , as follows.
The number of team members ranged from six up to nine, involving undergraduate students in different levels from Mathematics, Computer Science, Mechatronics, Mechanical Engineering, Geosciences courses, and Arts graduate students, and the project was conducted during 18 (eighteen) months.
The project was successful in relation to all its proposed goals, especially those related to the skills of collaborative teamwork. The results obtained till the artwork exhibition are mainly related to the knowledge acquired by students (as evidenced in the solutions achieved during the project development), as well as to the performance of students (assessed qualitatively with week and month 
Automata
Another project exemplifying three stages of PBL implementation: This project is centered in incentive to female students of public high schools to pursue careers in science and engineering. The goal was to design and manufacture automated toys, mostly of them using recycled material (see Figure 6 ). The toys do not need to be hard programmable, but they are required to move automatically using only logics programming concepts. During one year, a group of about 10 (ten) high school girls attendees joined weekly workshops on mechanics, electronics, and design techniques, conducted by six undergraduate students on engineering, arts and design courses, with the supervision of lecturers and teachers. In this project, the undergraduate students improved their skills in PBL as teaching, transferring their knowledge to High School students.
Evaluation and assessment
Each project was evaluated using four checkpoints: three of them focused on a qualitative analysis of the development process and the last one provides a quantitative score of the project final product. In all checkpoints, the assessment process is accomplished by a committee composed of highly specialized lecturers from main areas related to the project. In the second and fourth checkpoints, self-assessments are performed by the students. The final grade score is calculated as described in the following equation ( where individual assessments (IA), collective assessments (CA), and teacher final opinions (TO) were considered for the team member evaluation in the Integrating Project grade (IPG), after the oral presentation (fourth checkpoint) of project results. The range of all variables is from 0 up to 10. The elements considered in the project evaluation are related to internal aspects of teamwork such as creativity and originality, organization of activities, oral and written communication, professional behavior, and its technical, economic, social and environmental feasibility. The teacher final opinion is an average of the scores of all teachers involved in the process (often one of the teachers is designated to assess only the non-technical aspects). This evaluation considers the evolution of the aspects mentioned, which are raised at control points, in the final presentation, and in the reports delivered during the experience.
Self-assessment and feedback to the students Self-assessment is performed using a Soft Skill Form. 13 The aspects evaluated in this Form are: team leadership, team management, communication in general, knowledge acquired in related areas, and entrepreneurship.
The comparison between self-assessment and peer review provides information that allows educators to see if the goals are being met. This way, it is possible to perform corrections if necessary and to stimulate discussion about the results.
Furthermore, every checkpoint is a rich and productive work environment, which provides opportunities of progress to the students, based on the committee responses and criticism.
Discussion
This article aims to present our methodology to introduce PBL and interdisciplinarity into engineering programs without changing the whole curricula. This section discusses some of the key points and results of our experience.
The PBL was introduced by steps of increasing breadth, and the basic curricula of all related programs are left unchanged. When possible, elective courses were added or extra credits for external activities were granted to the students. The main advantage is the increased speed of the partial adoption of PBL in the organization, with the associated risk of not having PBL included definitely and properly in the curriculum. We advocate that the partial adoption bring together lecturers committed to the approach, and the results obtained, combined with the students evaluations, reinforce, and expand the use of the PBL, leading to its fully adoption later with an inevitable change on the programs curricula.
The stages were designed in a way to increase the number of programs included and, consequently, the range of specific skills involved in the projects. Teams were created with members from different programs, and management was spread among them, in order to assure that associated transferable skills be experienced by all students. The stages sequence had a big impact on the projects, which were often proposed by program other than engineering. It is important to emphasize the importance that both students and lecturers of all related programs be involved during the whole period of the project development.
The duration of each stage is variable and depends mainly on the involvement of lecturers of each program and the collaboration of the university administration. In our experience, the duration of the first stage was approximately three years, as the second stage took two years. As projects in the third stage has begun to be developed, the number of committed lectures and staff assured that projects with different levels of interdisciplinarity could operate simultaneously. Table 1 presents an outline of projects discussed in the previous section, and their relation in education aspects. Each column in the table shows an aspect directly related to education in engineering, and for each project, it is indicated expected outcomes of the learning process.
Specific technical skills are related to the theoretical or practical competences and knowledge acquired by the students during the development of the projects, especially the ones outside the curriculum courses, adding extracurricular activities into academics transcript. A/E/C indicates the courses included in the projects: A for Arts (both bachelor in Arts and bachelor in Design programs), E for engineering (mechanical, electrical, mechatronics and computer engineering), and C for computer science. Prototype manufacturing shows whether the project included functional models built by the students and used to define if the project/team are achieving the previously defined aims. Environmental issues, social program, and gender specific refer to whether any of these issues was part of the main theme and included in the problem requirements and solutions. Among the advantages of introducing interdisciplinarity into engineering education, it can be cited: increase in creativity, development of independence in learning. We advocate that interdisciplinarity can have a positive influence on the students in relation to transferable skills, providing opportunities for the involved students to achieve more effectiveness in their know-how into courses curricula.
It is desired to show that cross-disciplinarity within PBL can cover a larger number of skills, both technical and transferable than PBL alone. In future works, we aim to focus on evaluation of these achievements, and possible modifications in the adopted PBL approach.
Conclusion
In this article the experience of promoting both PBL and interdisciplinarity was described in the integration of courses in several undergraduate programs at the University of Braslia. The stages of adoption phases are described as well as several projects developed. Our approach supports cross-disciplinarity as playing a significant role in the students' formation, both in relation to specific technical and transferable skills.
The choice of the project themes assures the interdisciplinary and also the complexity that characterizes every stage of the implementation of PBL, in accordance with the skills to be worked or developed by students group.
The examples described here indicate that it is possible to list a set of several skills that could be transferred to professional situations and consequently increase the students' formation both academically and professionally.
In all implementation stages listed here, the involved teamwork have used not only the ability to solve the problems they are working on, but also develop skills useful in future activities and real engineering situations (i.e.: working in groups with many skills from several situations created during the project development process).
On the other hand, the students were also able to achieve more autonomy in the related scientific questions, especially those linked to methodology and funding, very useful to the ones aiming to pursue scientific careers. Therefore, we claim that collaborative interdisciplinary projects deserve more support from the administrative and academic staff in engineering education.
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